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Introduction
The food industry is faced with the task of producing highly palatable foods that meet consumer preferences and comply with their nutritional needs. However, the overabundance of very nutritious food has brought with it a number of challenges associated with adverse health outcomes. Of special concern is the dramatic increase in obesity and metabolic diseases. Therefore now, more than ever we need to understand the mechanisms through which rates of nutrient release may be controlled, affecting physiological responses to food as well as sensations of appetite and satiety. The way that dietary components and food structure modify digestion kinetics may reveal foods with the potential to reduce risk factors associated with metabolic diseases such as type 2 diabetes, e.g. hyperglycemia and elevated blood pressure.
Recent research indicates that oats (Avena sativa) contain bioactive components that have a range of positive health benefits, including effects on lipidemic and glycemic control (14, 31) , as well as satiety (3) . Soluble fiber may promote satiety, by slowing down digestion resulting in increased gastric retention and feelings of fullness (15). The presence of soluble fiber has also been shown to alter the secretion of gastrointestinal hormones (4) and aid body weight regulation (33).
During the digestion of food there are two modes of gastric emptying. Firstly by eroding the solid bolus of food in the stomach from the outside, where the food has been most exposed to acid and enzymes. The chime may then be squeezed through the pylorus into the duodenum if the particle size is sufficiently small (22, 23) . When the gastric contents are more fluid or semi-solid (e.g. soup or porridge), emptying occurs primarily during periods of quiescence in antral pressure activity and, by implication, in antral contractile activity (13) and thus may empty from the center of the stomach, a zone that has not been subjected to significant pH change or exposed to gastric enzymes (29). In the antrum, selective 'sieving' permits the rapid passage of liquids and smaller food particles while the larger particles are retained for further processing, although this is effected by the viscosity of the gastric contents (24) . The size cut-off means that particles larger than about 3 mm (17) tend to be retained longer, although not indefinitely (34) . The rate at which food is emptied from the stomach depends on a number of factors but one is the energy density of the food (11, 12) . As far back as the 1970s it was shown that energy density has an inverse effect on gastric emptying.
However, in addition, the rheological properties of the gastric content play an important role on gastric processing (9) and emptying rate. Although both are important, increasing the viscosity is considered less effective than increasing the energy density in slowing gastric emptying (7) .
A number of foods have traditionally been eaten because they are perceived as healthy, and this includes oat porridge. However, studies have shown that the way that the oats are processed has a strong influence on glycemic index (36). In particular, the modern trend towards quick cook oats is likely to have a significant effect on the glycemic index of the final product. It is not clear, though, whether this difference is a result of alterations in gastric residence time or intestinal starch hydrolysis. Indeed given the high beta-glucan content of oats it could be that release of this polymer significantly alters intestinal viscosity, or has a similar influence on gastric residence time because although energy density affects gastric emptying, it is also effected by viscosity (7) . The milling process of oat flakes increases the accessibility of nutrients and fiber, including beta-glucan, and this may influence gastric emptying dynamics and glycemic response. Thus, our study investigated the effect of oat grain processing upon gastric emptying rates, glycemic response and satiety. Study participants consumed two isocaloric porridges prepared from finely milled oats and flaked oats, and MRI imaging was used to study gastric volumes and layering. Subjective feelings of appetite and satiety were recorded, as well as levels of blood glucose, insulin and GI hormones. The overall aim was to understand how food structure is involved with some of the mechanisms that regulate hunger, appetite and satiety. Our hypothesis was that greater release of starch and soluble fiber from the finely milled porridge would generate a higher viscosity in the stomach than the flaked porridge. In combination with the more effective nutrient release from the finely ground porridge this would lead to a lower glycemic response, slower gastric emptying and greater feelings of fullness for longer.
Materials and Methods

2.1
The meals
The two meals used in this crossover were based on the same porridge recipe. The composition of the two meals is given in Table 1 . Both oat samples had the same composition as they were produced from the same batch of Norwegian Belinda oats. The oat flakes were of commercial quality, provided by Lantmännen Cerealia, Moss, Norway. The oat flakes were milled into flour using a hammer mill (Retsch ZM 200, Dale, Norway) with a 0.5 mm screen.
The -glucan content of the oats was 4.52 g / 100 g dry weight as determined by an enzymatic method using a mixed linkage beta-glucan assay kit from Megazyme (Megazyme International, Bray, Ireland). Oat flake or oat flour porridge was prepared on the morning of the study using the following protocol: Skimmed milk, water and margarine were gently heated until the margarine melted. Then either oat flakes or oat flour were added and well mixed. The mixture was brought to the boil (constant stirring), then added sugar and salt, and boiled for 1 minute. The porridge was then transferred to an insulated container and transported (approx.
10 minutes) to a room set aside for its consumption, adjacent to the MRI facility.
Imaging of gastric contents
The gastric contents of the volunteers was determined using a conventional 3T magnetic 
Visual analogue scales
We assessed volunteer satiety with a self-reported visual analogue scale technique (35).
Before the meal and at specific time intervals post-meal as given in Table 2 , the volunteers completed a five question satiety questionnaire with a visual-analogue scale (VAS) for each of the following questions: (1) "How hungry are you?" (2) "How full do you feel?" (3) "How satisfied do you feel?" (4) "How big is your desire to eat?" (5) "How thirsty are you?". The analogue scores for each question were then converted to numeric scores based on the following: 1. 1="not at all hungry" 10="very hungry"; 2. 1="not full at all", 10="very full"; 3. 1="not satisfied at all", 10="very satisfied"; 4. 1="no desire to eat at all", 10="very big desire to eat"; 5. 1="not thirsty at all", 10="very thirsty". The individual participant data were normalized by subtracting the mean value and dividing by the standard deviation of each time course. The data are presented as the difference from baseline and show the mean +/-the standard error in the mean.
Determination of glucose, insulin and GI hormones
At the start of each study session volunteers were fitted with a cannula so that blood could be drawn periodically. At each required time point 4ml of blood was drawn and stored on ice for less than two hours before being centrifuged. Blood was collected into tubes (Vacutainer K2 Saluggia (VC), Italy). The GLP-1 and GIP concentrations were determined using electrochemical luminescence immunoassay kits from MesoScale Discovery (Gaithersburg, MD, USA). The plasma samples were also analyzed for glucose using a Randox Datona+ (Randox Laboratories Ltd, Crumlin, UK) and a colorimetric GL 8318 glucose kit.
Determination of viscosity and available -glucan during in vitro digestion
A simulated digestion model (28) ) using a Physica MCR 301 rheometer (Anton Paar, Stuttgart, Germany) fitted with a double gap geometry (DG26.7).
Methodology
The crossover study was designed to assess differences in gastric emptying, satiety indicators and levels of glucose, insulin and GI hormones glucose-dependent insulinotropic peptide (GIP) and glucogon like peptide 1 (GLP-1). The study included only male volunteers aged between 37 and 53 and with a BMI between 23 and 30. The mean age of the cohort was 46+/-6 and the mean BMI was 26.4 +/-1.7. The clinical details of the participants are given in Table   2 . All 8 volunteers recruited to the study were apparently healthy and provided written informed consent before taking part in the study, which was approved by an NHS research ethics committee (Approval 15/SW/0165). Each volunteer attended the study center on two occasions, at least 7 days apart consuming a different meal on each occasion. The order in which the meals were consumed was randomly allocated. All volunteers were able to consume all of the test meals within 5 minutes.
On each study day volunteers were asked to fast overnight, with the last consumption of a meal prior to 22:00 the previous day to the study. They were allowed to drink as much water as they needed but only until 07:00. After this time no further consumption was allowed. The experimental protocol was started between 08:30 and 09:00, which corresponds to the first time point in Table 3 . After initial formalities each volunteer had a cannula inserted into an arm ready for blood drawing. They then underwent the first MRI scan, a 4 ml sample of blood was drawn and they were asked to complete a VAS questionnaire (baseline measurements). The volunteer consumed the meal, allocated at random. Immediately after the meal has been consumed the second MRI scan was performed with subsequent scans being undertaken as laid out in Table 3 . The volunteers were asked to repeatedly complete a VAS satiety questionnaire and have a 4 ml sample of blood drawn and the timing for these are also given in Table 3 .
Statistics
The study was powered based on the primary outcome, glycaemic response, which in healthy participants is most significantly shown with insulin. Using the data from a previous study (32) as a guide, in order to see a significant difference (P<0.05) of at least 18 pmol/L (106 pg/mL) insulin between treatments, the current study requires 8 volunteers (power=95%). for one feature at the time using error bars as guidelines.
Results
The primary aim of the study was to determine whether oat porridge produced from flaked oats gave a different glycemic response and remained in the stomach for longer than porridge made from oat flour. Participants were fed 264 g of porridge along with 175 mL of water making a total of ~440mL, which was consumed in less than ten minutes. Analysis of the MRI images yielded the volume of gastric chyme for all participants as a function of time. This data, shown in Figure 1 , indicates an initial gastric volume slightly higher than the meal volume after 5 minutes, which is most likely due to the fasting secretion present before the meal was consumed. The data demonstrates very little difference between the two meals. However, towards the end of the gastric cycle it is clear that more of the flakes remained in the stomach. In addition to measuring the volume of gastric contents, the participants were asked to complete a VAS questionnaire associated with appetite. In particular, the sensation of fullness is normally closely associated with gastric volume and also inversely associated with hunger.
The data for hunger, fullness, satisfaction, desire to eat and thirst are shown in Figure 3a -e.
In this case the fullness, hunger and satisfaction ratings were similar for both meals at all time points, whereas the flakes showed higher scores for desire to eat from 50 minutes after intake.
The ratings for thirst showed marked differences after 90 minutes with the flake giving more pronounced feelings of thirst. Interestingly all of the data except thirst showed a crossover at circa 100 minutes. In the score plots of the samples, displayed in Figure 6a 
Discussion
Once consumed, food passes into the stomach, where it stays until it is emptied into the duodenum. In the time that it resides in the stomach a number of changes can take place including digestion by gastric and oral enzymes depending on local pH and phase separation (25). In this case the oat flake porridge showed significant signs of sedimentation of the flakes immediately post consumption (figure 2a). The absence of the liquid phase above the flakes in the image taken 20 minutes later shows that the flakes remained sufficiently intact to be prevented from passing through the pylorus into the duodenum. This confirms that a good proportion of the original flake porridge meal remained in the stomach longer than flour porridge meal. However, does this mean that the starch in that porridge remained associated with the flakes and thus was not emptied into the duodenum? The lower peak in plasma glucose, insulin and GIP certainly suggest that this was the case.
The most significant difference in the plasma components that were measured was seen in glucose-dependant insulinotropic peptide (GIP). The secretion of GIP by K-cells is driven by the rate of nutrient absorption in the proximal small intestine, especially glucose or fat (1). The primary role of GIP is in the pancreas where it binds to its specific receptor (GIPR) on -cells and enhances glucose dependent insulin secretion. Thus, it is no surprise that the GIP response is mirrored by the insulin response to both meals but to a lesser extent. In a recent study, Trahair et al. sought to determine the effect of two different rates of intraduodenal glucose infusions (1 or 3 kcal/min) on glycemic, insulinemic and incretin hormone responses in lean and obese subjects, and compare the effects of oral and intraduodenal glucose in obese subjects (37). This was done to mimic different rates of gastric emptying.
Unsurprisingly, the faster delivery of glucose in their study gave higher responses in glucose, insulin and GIP. In the healthy control group, the pattern was very similar to that seen in this study with the GIP response the largest followed by the insulin and then the plasma glucose.
This was not the case in the obese group, where the GIP response was less significant than either the insulin or glucose responses. The authors concluded that the rate of duodenal delivery of glucose is a major determinant of glycaemia in obese subjects and that "strategies that slow gastric emptying may prevent progression to type 2 diabetes in obesity warrants exploration." In the work presented here we have started that exploration.
The particle size (flour vs flakes) in oat porridge significantly influenced the glycemic response.
The peaks in blood glucose, insulin and GIP observed 30-40 min after intake were significantly higher for the flour porridge compared to the flake porridge. The MRI analyses indicate that this was not due to a more rapid gastric emptying after intake of flour porridge. However the composition of what was emptied from the stomach could have been very different because of the gastric sieving effect. The higher glycemic response is therefore more likely reflecting increased starch hydrolysis in the intestine due to more easily available starch in the flour than the flakes.
In an attempt to unify all of the data including the subjective appetite scores, a multivariate analysis was undertaken. Results from the PLS-DA also reflect the differences in glycemic response. Over the time course, the plasma levels of glucose, insulin and GIP declined for both porridges, resulting in a shift after approximately 2 hours when the flour porridge showed slightly lower levels of glucose, insulin and GIP than the flake porridge. Similarly, the satiety data changed with time. At 35 min after ingestion the flake porridge was associated with lower hunger, whereas at 180 min the flake porridge got the highest ratings of hunger and desire to eat. Although the satiety data correlated well with the levels of plasma glucose, insulin and GIP at both time points (low levels were associated with higher fullness and satisfaction), there may not be any cause and effect relationship. It is unlikely that the glycemic or insulin response can explain the shift in satiety taking place from 35 to 180 min after ingestion. Neither were there any strong correlations between satiety ratings and gastric volume. Hence, there must be other explanations for the differences in satiety.
At the early time point (35 min) the flake porridge was considered as more satiating than the flour porridge. MRI analysis indicated that the liquid layer on the top of the stomach content is rapidly emptied during this period. The flake porridge also gave a more pronounced feeling of thirst, which may indicate that the flake porridge was more viscous in the stomach than the flour porridge (26, 27) . Viscosity has been shown to have an effect on satiety and fullness in many studies, but may not affect fullness through delayed gastric emptying (10, 18) . Hence, the increased perceived fullness observed after ingestion of flake porridge in the present study may be due to increased viscosity in the stomach, not generated by the starch and -glucan but rather the persistent structure of the flakes. At later time points, the flour porridge was associated with higher fullness and satisfaction. This may be due to the higher release ofglucan from the flour porridge (37.5 %) compared to the flake porridge (28.5 %) as measured after in vitro digestion. Hence, the smaller particle size in flour compared with flakes makes the -glucan more available and resulted in a higher viscosity in the intestinal phase for the porridge made from flour compared with the porridge made with flakes. Increased viscosity may have an effect on nutrient digestion and uptake, and, hence, the stimulation of release of satiety hormones. However, it should be noted that the viscosity difference between the two porridge samples (p = 0.053) was very small (0.21mPas). It is therefore unlikely that the viscosity difference alone can explain the different outcomes for the two porridges at later time points of digestion and other mechanisms may be involved. It is possible that the higher amount of solubilized -glucan in the flour porridge still plays a role, for example by decreasing the permeability of the intestinal mucus layer (19) . Previous studies have shown that increasing amounts of -glucan lower postprandial blood glucose and insulin levels (21) . In the present study, a potential inhibiting effect of -glucan on the uptake of glucose seemed minor compared to the effect of more available starch in the duodenum.
In summary, the results suggest that there are two main phenomenon taking place. Firstly, decreased gastric emptying of flakes in comparison to the increased availability of starch in the flour porridge resulted in a more pronounced glycemic response from the flour. Secondly, increased availability of -glucan caused increased perceived satiety in the flour after 2 hours.
Neither satiety nor glycemic response appeared to be related to gastric emptying rate.
Rosen LAH, Silva LOB, Andersson UK, Holm C, Ostman EM, and Bjorck IME. Table 3 Timing of the study protocol. All times are given in minutes after completion of meal consumption with the exception of the first row, which indicates the time prior to meal consumption of the porridge.
